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In highly aerobic environments, Gluconacetobacter diazotrophicus uses a respiratory protection mechanism to preserve nitrogenase activity
from deleterious oxygen. Here, the respiratory system was examined in order to ascertain the nature of the respiratory components, mainly of the
cyanide sensitive and resistant pathways. The membranes of G. diazotrophicus contain Q10, Q9 and PQQ in a 13:1:6.6 molar ratios. UV360 nm
photoinactivation indicated that ubiquinone is the electron acceptor for the dehydrogenases of the outer and inner faces of the membrane. Strong
inhibition by rotenone and capsaicin and resistance to flavone indicated that NADH-quinone oxidoreductase is a NDH-1 type enzyme. KCN-
titration revealed the presence of at least two terminal oxidases that were highly sensitive and resistant to the inhibitor. Tetrachorohydroquinol was
preferentially oxidized by the KCN-sensitive oxidase. Neither the quinoprotein alcohol dehydrogenase nor its associated cytochromes c were
instrumental components of the cyanide resistant pathway. CO-difference spectrum and photodissociation of heme-CO compounds suggested the
presence of cytochromes b-CO and a1-CO adducts. Air-oxidation of cytochrome b (432 nm) was arrested by concentrations of KCN lower than
25 μM while cytochrome a1 (442 nm) was not affected. A KCN-sensitive (I50=5 μM) cytochrome bb and a KCN-resistant (I50=450 μM)
cytochrome ba quinol oxidases were separated by ion exchange chromatography.
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Among the acetic acid bacteria Gluconacetobacter diazo-
trophicus is rather unique because it carries out nitrogen fixation
[1], is a true endophyte and is often found in plants grown in
soils where nitrogen fertilizes input is low [2]. We previously
demonstrated that optimal nitrogen fixation by G. diazotrophi-
cus in culture demands high aerobic conditions [3]. This⁎ Corresponding author. Tel.: +52 55 56225627; fax: +52 55 56225630.
E-mail address: eescami@ifc.unam.mx (J.E. Escamilla).
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0005-2728/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2006.06.013peculiar life-style requires an efficient mechanism for protection
of its nitrogenase activity from the deleterious action of oxygen.
Therefore, it was relevant to find that G. diazotrophicus has
significantly high respiratory activity in N2-dependent grown
cells suggesting that, similar to Azotobacter chroococcum [4],
G. diazotrophicus uses a respiratory protection mechanism to
preserve nitrogenase activity in highly aerobic environments.
Similar to other acetic acid bacteria [5], G. diazotrophicus
possesses oxidase activities for NADH, glucose, ethanol and
acetaldehyde [2,3]. Except for NADH, oxidation of the latter
substrates takes place in the periplasmic space [5]. Literature on
acetic acid bacteria [5] indicates that membrane ubiquinone is
the general electron acceptor for all membrane-bound dehy-
drogenases, and ubiquinol the sole electron donor for terminal
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Acetobacter methanolicus appears to operate through a linkage
of methanol dehydrogenase to a cytochrome c oxidase
(cytochrome co) via cytochrome(s) c [6]. Membranes of G.
diazotrophicus contain several c-type cytochromes structurally
linked to some periplasmic dehydrogenases [3]. G. diazotro-
phicus ccm-mutants containing nil cytochrome c, therefore
devoid of activity of cytochrome c-linked dehydrogenases,
exhibit normal respiratory rates with glucose and NADH [2],
thus suggesting that terminal oxidase activity in G. diazotro-
phicus fully depends on quinol oxidases. In acetic acid bacteria,
cytochromes a1 (ba), bo and bd function as terminal quinol-
oxidases [5–11].
Matsushita et al. [5] distinguished Gluconobacter subox-
ydans from Acetobacter aceti by their respective response to
cyanide. The former contains a cyanide sensitive cytochrome
bo and a remarkable cyanide-resistant bypass, where the
multiheme subunit II of quinoprotein alcohol dehydrogenase
(ADH) was found to be indispensable. However, the nature of
the cyanide-resistant oxidase has not been defined. In contrast,
A. aceti does not have a cyanide-insensitive bypass oxidase [5].
Thus, it was suggested that cytochromes a1 and o (bo), present
in cells respectively grown in shaking and static cultures, are
promiscuous variants of the same quinol oxidase. Both oxidases
were sensitive to cyanide [12]. In this context, well-aerated
cultures of G. diazotrophicus expressed cytochrome a1 during
N2-dependent growth. During repression of diazotrophic
activity by high-ammonium (i.e. 40 mM), cytochrome a1
diminished dramatically concomitant to the appearance of
cytochrome bd as the main oxidase. Membranes containing
cytochrome bd were resistant to KCN. Interestingly, KCN-
titration of membranes of N2-grown cells containing cyto-
chrome a1, as sole spectroscopically identifiable oxidase,
showed two kinetic components that contribute equally to the
total respiration. The nature of the second oxidase was not
defined [3]. Here, the respiratory system of G. diazotrophicus
PAL5 was characterized in respect to the action of several
specific inhibitors and physical treatments, the purpose being to
ascertain the nature and functional organization of its
components, with particular emphasis on the nature of the
alternative oxidase pathways of N2-grown cells [3].2. Materials and methods
2.1. Strains, culture conditions and preparation of membranes
G. diazotrophicus PAL5 ATCC 49037 and its derivative ccm MAd 22,
devoid of c-type cytochromes [2], were grown under the standard conditions
described by Reis et al. [13], with LGIP medium containing 1.0 mM (NH4)2SO4
as the starting nitrogen dose. Culture media for strain MAd 22 was
supplemented with streptomycin (50 μg ml−1). Where indicated, 0.75% ethanol
as sole carbon source, replaced sucrose in the LGIP media. Cultures were grown
aerobically at 30 °C in a 60-l-working-volume Bioflow 5000 fermentor (New
Brunswick Scientific, NJ, USA) stirred at 250 rpm and sparged with 60-l air
min−1. LGIP cultures grown at constant pH 3.0 were automatically regulated by
injection of 100 mM NaOH. Cultures were started by addition of 2.0 l of active
inocula obtained after 24 h of growth in two 2.8-l Ferenbach flasks stirred at
250 rpm. Cells were harvested at the end of the exponential growth phase (36 h)
and washed with cold 50 mM potassium phosphate buffer (pH 6.0) containing1.0 mM CaCl2 and 1.0 mM MgCl2 (PCM buffer). The cell suspension was
supplemented with phenylmethyl-sulphonyl fluoride (15 μg ml−1) and disrupted
in a Dyno-mill (WAB Maschinen-Fabrik, Basel Switzerland) as previously
described [14]. Unbroken cells and debris were eliminated by centrifugation at
8000×g for 10 min. Membranes were prepared by centrifugation at 144,000×g
for 30 min and thereafter washed twice with PCM buffer. The membranes were
stored in liquid nitrogen.
2.2. Respiratory activities
Oxidase activities were determined polarographically with a Clark oxygen
electrode, using 0.1 mg of membrane protein in 2.0 ml of 50 mM potassium
phosphate buffer, pH 6.0 (pH 7.4 for NADH oxidase) at 30 °C. The reaction was
initiated with either of the following substrates (final concentrations are given):
5.0 mM NADH, 10 mM ethanol, 10 mM glucose or 10 mM acetaldehyde. The
artificial electron donor mixture containing 3.0 mM tetrachlorohydroquinone
(TCHQ) reduced by 3.0 mM ascorbate was also used. KCN was dissolved in
50 mM potassium phosphate (pH 7.4), while rotenone, capsaicin, flavone and
TCHQ were dissolved in dimethyl sulphoxide (DMSO). Concentrations of the
carrier solvent used did not affect the respiratory activities tested.
Dehydrogenase activities weremeasured spectrophotometrically as described
earlier [15] with 0.08 mM 2,6-dichloro-indodophenol (DCPIP) and 0.6 mM
phenazine methosulphate (PMS) as electron acceptors in an assay mixture
(1.0 ml) containing 100 mM potassium phosphate buffer (pH 6.0), 10 mM test
substrate and 30 μg of membrane protein. NADH dehydrogenase was determined
at pH 7.4, using 0.2 mMNADH (PMS was omitted). The reaction was started by
addition of substrate and the reduction of DCPIP was followed at 600 nm. One
unit of the activity equals the reduction of 1.0 μmol of DCPIP per min.
2.3. Spectral analysis of cytochromes
Membranes suspended in PCM buffer containing 25% polyethyleneglycol
3350 (to obtain homogeneous freezing of samples) were analyzed at 77 K in an
Olis-SLM DW 2000 spectrophotometer using 2 mm light path cuvettes.
Samples were reduced with a few grains of sodium dithionite or the electron
donor (concentrations noted in figures). The reference samples were oxidized
with a few grains of ammonium persulfate. To obtain CO-difference spectra of
reduced membranes, both cuvette compartments were reduced with dithionite or
substrate. Thereafter, the sample cuvette was gently bubbled with carbon
monoxide (3 min), before freezing. To obtain the photodissociation difference
spectrum of heme-CO compounds, the reduced and CO-bubbled samples were
scanned at 77 K to obtain the prephotolysis spectrum, then the frozen sample
was photolysed with three close shoots of a Vivitar V2000 electronic flash and
the postphotolysis spectrum was recorded. The photodissociation difference
spectrum was obtained by subtraction of the prephotolysis spectrum from the
postphotolysis spectrum [16].
2.4. Photoinactivation and determination of the membrane quinones
The endogenous ubiquinone ofG. diazotrophicuswas destroyed by near UV
light (300–400 nm) from a model cc-20 Chromato-Vue lamp (Ultraviolet
Products, Inc.). Membrane suspensions layered in an open Petri dish settled on
crushed ice 10 cm away from the lamp, were irradiated for the times noted in
figures. Restoration of oxidase activities after photoinactivation of the
endogenous quinone was achieved by addition of the ubiquinone analogues:
2,3-dimethoxy-5-methyl 1,4-benzoquinone (Q0), 2,3-dimethoxy-5-methyl-6
(3-methyl-2-buthenyl)-1,4-benzoquinone (Q1), 2,3-dimethoxy-5-methyl-6-
geranyl-1,4-benzoquinone (Q2) and 2,3-dimethoxy-5-methyl-6-decyl 1,4-
benzoquinone (DeUQ), at concentrations indicated in figures. Quinones were
added as DMSO-solutions. Concentrations of the carrier solvent used did not
affect the activities tested.
Quinones were extracted from lyophilized membranes according to Ding et
al. [17]. Reverse-phase HPLC and a Waters C18 Spherisorb S5 OD52 analytical
column (4.6×150 mm) were used for the separation and identification of
quinones as described earlier [18]. The column was equilibrated with nitrogen-
purged ethanol–methanol (3:2 v/v). The same solvent mixture was used as
mobile phase with a flow rate of 0.5 ml min−1. Eluted quinones were detected at
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peaks using commercial Q6, Q9, Q10 and PQQ as standards.
2.5. Chromatographic separation of cyanide sensitive and resistant
oxidases
The membrane particles of wild type cells were extracted with 1.0%
Triton X100 and the resulting membrane residues were solubilized with
1.25% octyl gluco-pyranoside. The solubilized fraction was applied to an
anionic-exchange DEAE-Toyopearl column (2.5×20 cm) equilibrated with
10 mM potassium phosphate pH 6.5, containing 0.5% octyl gluco-
pyranoside. The retained protein was eluted by stepwise increase (i.e. 10,
70, 150 and 300 mM) of potassium phosphate (pH 6.5) in equilibration
buffer. Quinol oxidase activity in eluted fractions was determined with a
Clark O2 electrode, using Q2H2, prepared as recommended by Rieske [19],
as electron donor.Fig. 1. Membrane quinones of G. diazotrophicus PAL5 and its role in the respiratory
extracted by pentane from native membranes (trace b), and from membranes irradiat
retention times are shown (trace a). The absorbance bar at 275 nm for traces a–b
Photoinactivation (UV360 nm) time course for the respiratory oxidase activities and
quinone analogs of the electron transport activity in UV-irradiated membranes. Oxid
1030, 1200, 225 and 345 for NADH, glucose, ethanol and acetaldehyde, respectively
protein): 708, 745, 600 and 891, respectively, for the same order of substrates. Proc
assays of respiratory activities are described in Materials and methods.3. Results
3.1. Ubiquinone Q10
Among acetic acid bacteria, the presence of ubiquinone Q10
is a taxonomic feature of the new genus Gluconacetobacter
[20,21]. Accordingly, quinones extracted from membranes of
G. diazotrophicus PAL5 analyzed by HPLC (Fig. 1A) showed
a predominant peak eluting at the position of Q10 (13.3 min) and
a minor peak that corresponded to Q9 (11 min). A peak that
eluted as PQQ (4.2 min) was also observed. The concentrations
calculated from the areas under peaks were: 4.0, 0.3 and
0.6 ηmol mg−1 membrane-protein, respectively. Irradiation
(UV360 nm) of membranes for 1 h induced close to totalelectron transport chain. (A) Reverse-phase HPLC chromatograms of quinones
ed by UV360 nm for 1 h (trace c). Quinone standards used for calibration and its
is shown. For trace c, the absorbance sensitivity was 10-fold increased. (B)
, (C) The corresponding DCPIP-oxidoreductase activities. (D) Reactivation by
ase specific activities in native membranes were (ηmol O2 min
−1 mg−1 protein):
. Specific activities for DCPIP-oxidoreductase were (ηmol DCPIP min−1 mg−1
edures for HPLC analysis, UV360 nm-photoinactivation of quinones and for the
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30%).
Irradiation also caused a progressive lost of the respiratory
electron transport activity (Fig. 1B) with all the substrates tested
(i.e. NADH, glucose, ethanol and acetaldehyde). After 1 h of
irradiation, 85–90% of the oxidase activities were lost. A partial
decrease of the corresponding dehydrogenase activities was also
observed (Fig. 1C), this was more pronounced for the PQQ-
containing dehydrogenases than for the NADH-dehydrogenase.
The ability of several quinone analogs to reconstitute
electron transport activity in photoinactivated membranes was
tested (Fig. 1D). In the case of Q2, 60–70% of the original
oxidase activities with NADH or glucose and 30–40% of the
activities with ethanol or acetaldehyde were restored. Among
the UQ-analogs tested, Q2 was the best electron acceptor for
NADH- and glucose-dehydrogenases; its effectiveness was
lower with ethanol- and acetaldehyde-dehydrogenases. The
results indicate that membrane UQ is the common electron
acceptor for the membrane dehydrogenases directly linked to
the respiratory chain of G. diazotrophicus.
3.2. The primary dehydrogenase system
To ascertain the nature of the NADH dehydrogenase (NDH)
of G. diazotrophicus, NADH oxidase activity was titrated with
specific site I inhibitors (Fig. 2). Rotenone was a potent
inhibitor (I50=2.5 μM) causing close to full inhibition of
NADH-oxidase activity. Capsaicin was also inhibitory, but at
higher concentrations (I50=50 μM). These values are within the
ranges reported for the inhibition of the NDH-1 type-enzymes
of Paracoccus denitrificans, Escherichia coli and bovine
submitochondrial particles [22]. On the other hand, flavone at
100 μM, a typical inhibitor for NDH-2 enzymes, caused a
modest inhibition (i.e. 20%, Fig. 2). This differential response to
site I inhibitors strongly suggests that the membrane NADH-Fig. 2. Inhibition titration curves of membrane NADH-oxidase of G.
diazotrophicus PAL5 by inhibitors of the respiratory site I: Rotenone (■),
capsaicin (□) and flavone (⋄). Membranes (0.1 mg of protein) were incubated
for 3 min with the noted concentrations of inhibitors (added as DMSO-
solutions). The reaction was started by addition of 5 mM NADH.quinone oxidoreductase of G. diazotrophicus belongs to the
NDH-1-type enzymes.
Except for A. methanolicus [6], all acetic acid bacteria so far
reported [5], including G diazotrophicus [3], do not show
significant oxidative activity on ferrocytochrome c or reduced
N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD). There-
fore, the presence of a functional bc1 type complex and a
cytochrome c oxidase was discarded [5].
3.3. The cyanide-resistant pathway
There is biochemical and genetic evidence that indicates that
the multiheme subunit (SII) of quinoprotein alcohol dehydro-
genase (ADH) is instrumental in the cyanide-resistant pathway
of G. suboxydans [5]. Accordingly, KCN-resistant respiration
in G. suboxydans increased with the up-regulation of ADH [23]
and drastically declined in mutants lacking ADH [5]. Therefore,
we assessed the role of ADH in the cyanide-resistant pathway of
G. diazotrophicus. To this end, KCN-titration curves of
respiration were compared in membranes of the wild type
strain grown in standard cultures and culture conditions
(constant pH 3 and in ethanol as sole carbon source) known
to up-regulate expression levels of quinoprotein ADH and/or
cytochrome c in the membranes [23]. Additionally, respiration
in membranes of G. diazotrophicus ccm MAd 22 mutant,
devoid of c-type cytochromes, therefore deficient in ADH and
its associated cytochromes c [2], was also titrated.
In membranes of the wild type strain grown under standard
conditions, oxidase activities with NADH, glucose, ethanol or
acetaldehyde showed similar titration curves with two kinetic
components (Fig. 3A); a highly sensitive component
(Ki=5 μM) representing about 50% of the total respiration
and a second component that was little affected by up to 100 μM
cyanide. At variance with physiological substrates, the oxida-
tion of the quinone analog TCHQ reduced by ascorbate was
90% inhibited by 25 μM KCN, suggesting that TCHQ is
preferentially oxidized by the cyanide-sensitive oxidase.
Growth of the wild type strain at constant pH 3 and in
ethanol as sole carbon source induced a 3- to 4-fold increase in
the content of membrane cytochrome c as compared to standard
culture conditions (Fig. 3B). However, KCN-titration curves for
glucose oxidase were similar in the three types of membrane
preparations (Fig. 3C). Moreover, the KCN-titration profile in
membranes of the ccm MAd 22 mutant (Fig. 3C) did not differ
from the parent strain. Thus, neither the up-regulation of ADH
and its associated cytochromes c, nor the lack of ADH and of its
associated c-type cytochromes significantly affected the
biphasic titration-response of the respiration towards cyanide
in G. diazotrophicus.
3.4. Putative terminal oxidases
The carbon monoxide difference spectra (77 K) of
membranes reduced by dithionite and the HPLC-analysis
permitted the identification of cytochrome a1 as putative
terminal oxidase in G. diazotrophicus grown in LGIP-medium
[3]. However, a closer view of the CO-difference spectra of
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that, in addition to the cytochrome a-CO adduct (peaks at 422
and 591 nm and troughs at 444 and 610 nm), there is an
additional CO-reactive component having a small trough
around 558–566 nm, a spectral location where CO adducts of
cytochromes type b and o exhibit signals. Also, the cytochrome
a-CO peak at 422 nm appears small and shifted few nanometers
toward the violet, relative to the typical aa3–CO complex [24],
which might result from spectral interference of an additionalFig. 4. Low temperature (77 K) spectra of dithionite reduced membranes of G.
diazotrophicus PAL5. (a) Reduced plus CO minus reduced difference spectrum.
(b) Photodissociation difference spectrum of heme-CO compounds. To obtain
CO-difference spectrum of membranes (5 mg protein ml−1), the spectrum of the
reduced sample was subtracted from the reduced plus CO spectrum. To obtain
the photodissociation difference spectrum of heme-CO compounds, the
prephotolysis spectrum of dithionite-reduced and CO-bubbled membranes
was subtracted from the postphotolysis spectrum of the same preparation, as
described in Materials and methods.CO-reacting component. Our HPLC-analysis of hemes reported
previously [3] and here again confirmed (not shown), indicated
no presence of heme O, therefore the spectral signals noted
could be produced by a cytochrome b-CO type adduct.
The photodissociation spectrum at 77 K (trace b, Fig. 4)
clearly showed the photolysis of a cytochrome a-CO adduct
with troughs at 428 and 591 nm and peaks at 444 and 610 nm.
Again, a small peak at 563 nm and the small deepness of the
trough at 428 nm suggest the presence of an additional
cytochrome b-CO type adduct undergoing limited photodisso-
ciation at 77 K.
To identify the cytochrome components of the cyanide-
resistant pathway, the oxidation of NADH-reduced cyto-
chromes in membranes was titrated with KCN. Accordingly,
spectra at 77 K of samples reduced by NADH to anaerobiosis
were recorded against air-oxidized control references (vortexedFig. 3. Expression of membrane-cytochrome c and the effect of KCN on the
respiratory activity of membranes obtained from G. diazotrophicus. (A) Cells
grown in LGIP medium under standard conditions. Oxidases: (⁎) ethanol, (■)
NADH, (♦) glucose, (▲) acetaldehyde and (○) TCHQ-ascorbate. (B) Low
temperature (77 K) dithionite-reduced minus persulfate-oxidized spectra of cell
membranes of G. diazotrophicus PAL5 grown in LGIP medium under: (a)
standard conditions, (b) constant pH 3.0 and (c) ethanol as sole carbon source.
(C) Comparative KCN-titration of glucose oxidase in membranes of the G.
diazotrophicus PAL5 grown in LGIP medium under: (□) standard conditions;
(⋄) constant pH 3.0; (△) ethanol as sole carbon source, and in (♦) membranes
of the G. diazotrophicusMAd 22 mutant (devoid of c-type cytochromes) grown
under standard conditions. Conditions for cell culture, spectral analysis and the
properties of the G. diazotrophicus MAd 22 mutant strain are described in
Materials and methods.
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NADH (Fig. 5). Samples and references were prepared with the
KCN concentrations noted in the figure. Additionally, rotenone
(50 μM) was added to the reference preparations just before
vortex aeration in order to prevent further reduction ofcytochromes by NADH. After aeration, both anaerobic-samples
and aerated-references were immediately frozen and their
spectra recorded at 77 K. Thus, the peak heights represent the
oxidation level reached at each cyanide concentration. The
oxidation of a cytochrome b (i.e. 432 and 560 nm) was clearly
arrested at KCN concentrations lower than 25 μM (Fig. 5A and
B). It is noteworthy that the oxidation of cytochrome a (γ-peak
at 442 nm) was not inhibited at KCN concentrations lower than
200 μM (Fig. 5A and B).
The biphasic behavior of the α-peak (592 nm, Fig. 5A) of
cytochrome a deserves an explanation: the reduced-cytochrome
a1 exhibits a broad α-peak around 600–610 nm, that changes
into a sharp peak at 589–592 nm when cyanide binds to the
ferrous iron of cytochrome a [3,10]. The KCN-titration of
ferrocytochrome a in membranes of G. diazotrophicus (Fig.
5C) showed that the chromic response at 592 nm reached
saturation with 200 μM KCN. At concentrations lower than
50 μM, the Fe2+–CN interaction was barely detected. Thus, the
biphasic kinetics observed at 592 nm in Fig. 5A, can be
explained by reasoning that, in the absence of cyanide, or at
concentrations lower than 50 μM, the oxidation of cytochrome
a in the vortexed reference occurred (as seen at 442 nm), but
could not be detected at 592 nm, because cyanide binding to the
ferrous iron of cytochrome a in the anaerobic (NADH-reduced)
cuvette is negligible. At 50 μM KCN the 592 nm-peak is well
defined and reached its maximum height at 100 μM, indicating
that in the vortexed reference reduced cytochrome a1 is still
undergoing oxidation at those KCN concentrations. At 200 μM
KCN and higher concentrations, oxidation of cytochrome a1 is
increasingly arrested in the vortexed cuvette, causing the
decline of the signal at 592 nm (Fig. 5A and B).
The results suggested that cytochrome a1 is responsible for
the cyanide resistant respiration in G. diazotrophicus while, in
contrast, a b-type cytochrome could represent the cyanide
sensitive oxidase. Therefore, the chromatographic separation
of the cyanide sensitive and resistant oxidases of G.
diazotrophicus was attempted. For this purpose, the residue
of membranes previously extracted with 1.0% Triton X100
were solubilized with 1.25% octyl gluco-pyranoside and
applied to a column of DEAE-Toyopearl, as described in
Materials and methods. Retained protein was eluted by
stepwise increase of potassium phosphate. A pale green
fraction that eluted with 70 mM phosphate showed quinol
oxidase activity that was highly sensitive to KCN (I50=5 μM,
kinetics not shown). The spectral analysis (dithionite-reducedFig. 5. Effect of KCN on the air-dependent oxidation of cytochromes in
membranes obtained from G. diazotrophicus PAL5. (A) Oxidation spectra of
cytochromes in the presence of increasing concentrations of KCN. Membrane
aliquots (5 mg protein ml−1) were incubated in sample and reference
compartments with 20 mM NADH and the indicated KCN concentrations.
After 60 min at 30 °C, 50 μM rotenone was added to the reference preparation
and oxidized by vigorous vortex agitation (30 s), and immediately frozen in
liquid N2. Anaerobic minus aerobic spectra were recorded at 77 K. (B) Plot of
the spectra shown in part A. (C) Plot for the KCN-dependent absorbance at
592 nm of the NADH-reduced cytochrome a1. Inset shows the NADH-reduced
plus the noted concentrations of KCN minus the persulfate oxidized spectra.
Fig. 6. Low temperature (77 K) spectra of the partially purified KCN-sensitive
and KCN-resistant quinol-oxidases of G. diazotrophicus PAL5. (A) Dithionite
reduced plus 1.0 mM KCN minus air-oxidized spectrum of the KCN-sensitive
quinol oxidase (0.75 mg of protein) (B) Dithionite reduced plus 1.0 mM KCN
minus air-oxidized spectrum of the KCN-resistant quinol oxidase (2 mg of
protein). Lower traces show the second derivatives of the spectra. Procedures for
the detergent-solubilization of membranes and chromatographic separation of
the KCN-sensitive and KCN-resistant quinol oxidases of G. diazotrophicus are
described in Materials and methods.
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6A) showed sharp and symmetrical peaks at 428 and 558 nm;
thus suggesting the presence of cytochrome b. The second
derivative of the spectrum showed a split Soret band at 423
and 428 nm, and a split α-band at 557.5 and 561 nm. A second
cytochrome fraction (red color) that eluted with 300 mM
phosphate showed quinol oxidase activity that was far less
sensitive to KCN (I50=450 μM, kinetics not shown). The
reduced plus KCN difference spectrum of this fraction (Fig.6B) plainly showed the presence of cytochromes b and a, with
peaks at 433, 441, 560, 565 and 592 nm, which is similar to
the spectrum of purified cytochrome a1 of A. aceti [10]. The
second derivative of the cytochrome ba spectrum showed a
clear split α-band for the cytochrome b with maxima at 560
and 565 nm.
According to our results, it is reasonable to conclude that in
G. diazotrophicus grown under N2 fixing conditions, cyanide-
sensitive and cyanide-resistant respiration are respectively
carried out by terminal quinol oxidases having cytochrome b
(likely a cytochrome bb) and cytochrome a (cytochrome ba) at
their respective O2 reactive centers. The molecular and kinetic
properties of the purified quinol oxidases of G. diazotrophicus
must be further examined.
4. Discussion
4.1. Ubiquinone
There are distinct differences in the respiratory systems of
representative members of the genera Gluconobacter and Ace-
tobacter [reviewed in 5, 25]. Gluconobacter ssp. has large
amounts of cytochrome c, UQ10, a cytochrome bo ubiquinol-
oxidase and an unknown cyanide-insensitive terminal oxidase.
The respiratory system of Acetobacter ssp. contains cytochrome
c, UQ9 and a cyanide-sensitive ubiquinol oxidase which is
either cytochrome a1 or cytochrome bo. In both genera, a large
number of membrane dehydrogenases (quinoproteins and
flavoproteins) feed electrons to the respiratory chain. Con-
versely, the respiratory system of representative members of the
recently introduced genus Gluconacetobacter is not well
understood [2,3,26]. Therefore, in this study the respiratory
system of G. diazotrophicus PAL5 was examined in more detail
in order to ascertain the nature and the organization of its
components.
The genus Gluconacetobacter is equipped with UQ10 as
the major ubiquinone [20,21]. The analysis of membrane-
quinones of G. diazotrophicus (Fig. 1) revealed the presence
of UQ10, UQ9 and PQQ in a 13:1:1.6 molar ratios. The
calculated concentration of UQ10 (i.e. 4 ηmol mg
−1 membrane
protein) represented a molecular ratio of 16:1 with cytochrome
b (i.e. 0.25 ηmol mg−1 membrane protein) which was
previously determined in membranes of G. diazotrophicus
[3]. This is at variance with data on Gluconacetobacter
xylinum where a 3:1 proportion was reported [27]. UV360-
photoinactivation of membranes indicated that ubiquinone is
an instrumental electron carrier acting as a common electron
collector for the dehydrogenases localized at the outer and
inner faces of the membrane of G. diazotrophicus (Fig. 1B).
Oxidase activities abolished by UV-irradiation were partially
restored by quinones analogues of the endogenous UQ10 (Fig.
1B). The order of efficiency restoring electron transport
activity was Q2>Q1> Q0>DeUQ, for all substrates tested.
UV-treatment was also deleterious for PQQ, as suggested by
the moderate drop in the PQQ content of the membrane (Fig.
1A) and the decay of the activities of the PQQ-containing
dehydrogenases (Fig. 1C).
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NADH-quinone oxidoreductases of the bacterial respiratory
systems have been divided in two groups, those bearing an
energy-coupling site named NDH-1, and those that do not,
NDH-2. The NDH-1 type enzymes are inhibited by dicyclo-
hexylcarbodiimide (DCCD), rotenone, and capsaicin while the
NDH-2 type enzymes are sensitive to flavone [28]. The NADH-
oxidase of G diazotrophicus PAL5 was highly and moderately
sensitive to rotenone and capsaicin, respectively, and resistant to
flavone (Fig. 2). This differential response to site I inhibitors
strongly suggest that the membrane NADH-quinone oxidor-
eductase of G. diazotrophicus belongs to the NDH-1 type
enzymes. Thus, in all likelihood it contains an energy-coupling
site. This result contrasts with our previous report in G. xylinum
where the membrane-bound NADH-oxidase activity was found
to be resistant to all the inhibitors here tested [26], suggesting
that G. xylinum and G. diazotrophicus either express different
kinds of NADH-quinone oxidoreductase, or simply, that G.
xylinum could have an NADH-1 type enzyme that behaves
atypically against site I inhibitors, as shown in other bacteria
[28]. Although information on NADH-quinone oxidoreductases
in acetic acid bacteria is scarce, the recently released complete
genome sequence of G. oxydans [29] shows a coding region for
a NDH-2 type enzyme, and the apparent absence of coding
genes for a NDH-1 type enzyme. This in consonance with the
early report of Daniel [30] that showed partial inhibition (i.e.
40%) of the NADH oxidase system of G suboxydans requires
very high rotenone concentrations (i.e. 200 μM).
4.3. Terminal oxidases
Titration of respiration with several physiological substrates,
with KCN in the range of 0–100 μM clearly revealed a highly
sensitive oxidase having an I50=5.0 μM, and a second oxidase
that is very active at 100 μM KCN (Fig. 3A). The KCN-
sensitive oxidase represents 50% of the total respiration, but its
contribution to respiration was significantly enhanced when
TCHQ reduced by ascorbate was used as electron donor (Fig.
3A).
Several lines of evidence support the participation of the
multiheme cytochrome c subunit (SII) of the quinoprotein
ADH, as an obligated electron carrier intermediary of the
cyanide-resistant pathway of G. suboxydans [5,8,25,31].
However, our results show that wide variations in the membrane
expression levels of ADH-activity and/or of the content of c-
type cytochromes, including the extreme case where c-type
cytochromes were absent, in the ccm MAd 22 mutant, did not
significantly affect the titration-response to cyanide (Fig. 3A–
C). Therefore, these data indicate that in G. diazotrophicus
neither the membrane-ADH itself, nor a particular cytochrome
c, is an obligate participant in the cyanide-resistant pathway.
The CO-difference spectrum and the photodissociation
spectrum of CO-heme compounds (Fig. 4) plainly showed the
spectral signature of a cytochrome a-CO complex. However,
the presence of distortion of its Soret signals and additional
small signals in the α-region for b-type cytochromes, led us toconsider the participation of a second putative oxidase having
heme b in its O2 reactive centre. Surprisingly, air-oxidation
spectra of cytochromes titrated with KCN (Fig. 5A and B)
indicated that at concentrations lower than 25 μM, the oxidation
of a b-type cytochrome (peaks at 432 and 560 nm) was arrested,
whereas the oxidation of cytochrome a (i.e. cytochrome a1) still
occurs at 200 μM KCN. In line with this observation, the
hyperchromic response at 592 nm, due to the CN-binding to the
Fe2+ of cytochrome a, was negligible at KCN concentrations
lower than 25 μM and maximal with 200 μM (Fig. 5C).
The solubilization and partial purification of both cyanide-
sensitive and cyanide-resistant oxidases confirmed our observa-
tions. The spectral analysis of the partially purified oxidases
(Fig. 6) showed that the cyanide-sensitive oxidase (I50=5 μM,
kinetics not shown) has only cytochrome b-pigments, while the
cyanide resistant enzyme (I50=450 μM, kinetics not show)
contains equal amounts of cytochromes b and a. The enzymes
were effectively separated by ion exchange chromatography.
When the partially purified fractions subsequently obtained
were analyzed by SDS-PAGE, it was found that their protein
profiles were significantly different (not shown), which is
strongly suggestive that the cyanide-sensitive and cyanide-
resistant oxidases of G. diazotrophicus are distinct protein
entities.
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